Abstract. A simple, inexpensive apparatus for generating aerosol particles with uniform size can be built from commonly available inkjet printer technology. The apparatus is capable of producing a continuous stream of liquid droplets at frequencies up to order 10 4 Hz, or it can produce single droplets on demand. At low frequencies ( 10 3 Hz) where coalescence is not important, droplets have a radius of approximately 17 µm and initial velocity of approximately 7 m s −1 . The aerosol generator can be used with water, and the aerosol output is steady over hours.
Introduction
The study of aerosols themselves and the use of micrometer-sized droplets in experimental techniques depending on light scattering from particles makes a ready source of aerosol particles a common requirement in contemporary laboratory work [1, 2] . For example, fluid flow measurement, particle sizing, and combustion measurements lie within the scope of this journal, all of which rely on the generation of droplets and aerosols. Many techniques exist for producing aerosol particles [3, 4, 5, 6, 7, 8] , but most inexpensive approaches lead to relatively broad size distributions, or require significant effort to construct and test. Here we describe an aerosol generator that produces uniform-sized liquid droplets at a controllable rate, based on commonly used inkjet printer technology. We know of several groups that have used inkjet cartridges to create aerosol generators but we found it difficult to find guidelines for building such a device in the literature, and as a consequence we had to 'reverse engineer' a printer system ourselves before constructing the aerosol generator. The purpose of this note, therefore, is to provide an outline of the procedures for assembling an inkjet aerosol generator for general laboratory use. The cost of an inkjet printer satisfactory for this purpose is under $100, and the additional necessary hardware and electrical components can be obtained for less than 50 USD. The only costly piece of equipment, but one which is nearly universally available in most laboratories, is a function or pulse generator. Most inkjet printer cartridges are based on piezoelectric or thermal resistor technology. The general idea is to produce ink droplets from the printer head with required frequency and proper size, either by exciting a pressure wave with a piezoelectric or by vaporizing a small amount of fluid with a thin resistor. This approach is commonly referred to as "drop-on-demand," and allows the user to adjust the frequency of droplet generation over a wide range with minimal influence on the size of aerosols produced. The use of commercially available inkjet printer technology as the basis for a laboratory aerosol generator has several advantages compared to the construction of a customized device: 1) The cartridges, which can be obtained empty from various distributors, have uniform properties, with nozzles sizes on the order of 10 µm; 2) The materials that the nozzles and resistors are made from are durable and allow for stable, long-term production of uniform-size aerosols; 3) Relative to commercially available or custom-built apparatus, there is minimal investment of money or time.
Construction of the aerosol generator
The apparatus, shown in Figure 1 , consists of a controller and the inkjet-cartridge assembly, connected with an RS232 interface cable. We chose to construct it in this way, instead of as a single unit, simply for more convenient use. In our design we used a Hewlett Packard c6614n (#20) thermal inkjet print cartridge, which can hold up to 14 ml of liquid and which has about 50 nozzles on its base that can be fired independently at a frequency up to approximately 10 kHz (we found steady operation was not robust above this range). Empty cartridges and cartridge refilling kits are readily available via the Internet. The controller consists of a circuit ( Figure 2 ) that generates a series of square pulses with amplitude 10 V, pulse duration approximately 2 µs, and delay between pulses depending on the desired droplet rate, but no less than approximately 10 µs. In the completed circuit, which must include the inkjet cartridge, the pulses are negative, dropping from +20 V to approximately +12 V. Pulse duration, delay, and amplitude can be adjusted by resistors R1, R2, and R3 shown in Figure 2 . The values of these resistances will depend upon the particular liquid used in the aerosol generator and for water we found that R1 × C1 ≈ 2 µs, and R2 × C2 ≈ 5 − 8 µs worked well. Resistor R4 should be connected to the thermal resistor array through the panel of connectors located on the side of the cartridge (see Figure 3 ). In our system it is possible to operate one nozzle at a time, or several simultaneously, with the configuration chosen via a multi-position rotary switch (the switch connects the driving signal to one or more of the contacts on the cartridge, each of which corresponds to a single nozzle). It also is necessary to apply a +20VDC base voltage to contacts 5, 30, 31, 32, 33, 34, 35, and 60 ( Figure 3 ) and +5VDC to power the SN74121N chips. The "input" signal for the circuit can be supplied from the "SYNC OUT TTL" of a function generator; we used a Wavetek 11MHz Stabilized Sweep Generator, Model 22. Other than the function generator, most of the components necessary to construct the apparatus are standard items in an electronics lab or are easily obtained from common electronics stores (e.g., variable resistors, capacitors, BNC jacks, rotary switches, and project boxes).
Characterization of the aerosol generator
The inkjet aerosol generator produces highly monodisperse liquid droplets. We have used ink and water in our system, but we anticipate that any non-corrosive liquid with viscosity similar to water could be aerosolized. The aerosol generator can be operated in drop-on-demand mode, where a single pulse produces a single droplet, or it can be run in continuous mode at frequencies up to approximately 10 resulted in a slightly broader size distribution. The aerosol generator proved to be robust in laboratory tests, producing stable droplet streams for long periods of time (hours), and with reproducible droplet sizes. Furthermore, we used several different inkjet cartridges and found them to be relatively uniform, only requiring individual calibration if exact droplet sizes are needed. Note that stable operating conditions do require some care to achieve: inkjet cartridges must be kept clean (we sometimes used warm water in an ultrasonic bath to open clogged nozzles), and often the frequency must be adjusted slightly to avoid the production of satellite droplets. Because specific aerosol properties are likely to be important in various applications, in what follows we characterize the the size and initial velocity of the droplets leaving the aerosol generator.
Droplet size
To determine the size of the droplets produced by the aerosol generator we used digital in-line holography [9] . We used a frequency-doubled, pulsed Nd-YAG laser (λ = 532 nm), spatially filtered to eliminate intensity fluctuations in the beam profile. The beam was expanded and collimated so as to achieve an approximately 2-cm beam diameter. Digital holograms were recorded with a CCD camera with 652 × 494 square pixels, 7.4 µm on a side. As illustrated by one such reconstruction of a digital hologram (Figure 4) , the generator produces a steady stream of uniform-sized droplets. Figure 4 also displays zoomed images of two droplets, demonstrating that their diameters typically vary by less than a camera pixel. The optical measurements demonstrate a highly monodisperse aerosol size distribution, with mean radius of 17 ± 2 µm. We observed, however, that different printer cartridges produced slightly different mean droplet sizes, so it would be necessary to carry out a simple calibration if precise size information is needed. Such a calibration could be made using a collimated, expanded laser beam and a screen or digital camera. The resulting 'Airy disk' can be measured and the Fraunhofer diffraction theory for a circular aperture used to good approximation to find the size of the droplet.
Droplet velocity
In addition to the droplet size, for some applications it is helpful to know the initial velocity of a droplet leaving the generator, and how the velocity relaxes to the free-fall velocity. Droplet trajectories and velocities were measured by illuminating the droplet stream with a 20 mW He-Ne CW laser (633 nm) and taking multiple short-exposure images with an intensified, gated CCD camera (Stanford Computer Optics 4 QUICK E). The droplet generator was oriented such that droplets were ejected in a horizontal direction, with the intensified CCD camera at a right angle relative to the droplet stream. Trajectories and velocities were obtained by triggering the camera to obtain multiple exposures of 5 µs, each separated by a known delay. The delay was sufficient to resolve individual droplet positions, but sufficiently small so as to obtain a velocity measurement via finite difference.
To model the droplet trajectory we use the equation of motion for a single, rigid, spherical particle. Thorough discussions of the equation of motion for a sphere are available in the literature [10, 11] , but for our purposes where the density of the droplet (ρ d ) is much greater than the density of the fluid (ρ f ) a relatively simple form may be used. Newton's second law for a dense sphere with velocity v in a quiescent viscous fluid, in the low-Reynolds-number limit, is
where ν is the kinematic viscosity of the surrounding fluid (air). The terms on the right side are, in order, the gravitational acceleration, Stokes drag, and the Basset history force (per droplet mass). The latter is included because of the large initial accelerations due to the impulsive start of the particle and the subsequent relaxation to its terminal velocity. The assumption that droplet size is constant over the trajectory is reasonable under typical conditions: Evaporation of water at room temperature and zero relative humidity, during times of order τ = 2ρ d r 2 /9ρ f ν results in changes in droplet radius of less than 1%. The initial temperature of ejected droplets may be near the boiling point, but the thermal relaxation time (due to heat transfer through the surrounding air) is on the order of 100 µs, so by the time a droplet has moved 1 mm its temperature will have relaxed nearly to the ambient level. The assumption of low Reynolds number, however, is not always valid because droplets are ejected with quite large speeds (corresponding to initial Reynolds numbers on the order of 1 or 10). Therefore, we have used modified coefficients for the drag and history acceleration terms [12] .
A plot of the measured and calculated droplet trajectory is shown in Figure 5 . The measurements are displayed as squares, with the size of the square equal to the measurement uncertainty (the uncertainty is the same in both horizontal X and vertical Y directions). The measured and calculated velocity are plotted versus X in Figure 6 , where it can be seen that the initial speed was approximately 7 m s . The initial speed, however, depends on the drop ejection frequency so this value should be taken as representative rather than universal. We note that the calculations showed that the Basset history term in Equation 1 contributes only slightly to the trajectory of a droplet (less than a few percent), but that finite Reynolds number effects were important to include in the drag term. Successful comparison of the droplet position and velocity measurements with the calculated trajectories confirms that the droplets can be treated, to good approximation, as rigid spheres. Knowledge of the trajectory and velocity allows the laboratory user great flexibility in varying droplet impact speed or position, according to experimental needs.
Summary
We have described the construction of a simple apparatus for generating highly monodisperse aerosol particles. The device can be operated to produce a continuous stream of droplets at frequencies up to order 10 4 Hz (although at frequencies larger than 1000 Hz droplets begin to coagulate, resulting in a broader size distribution), or it can be operated in drop-on-demand mode. At low frequencies where coalescence is not important, droplets have a radius of approximately 17 µm and initial velocity of approximately 7 m s −1
. We have found the apparatus to be quite reliable, and steady over long periods of time (several hours). Perhaps the main advantage of the apparatus is its low cost and the minimal investment of time in constructing one, once the correct parameters for operating the inkjet cartridge are known.
